Nicotine biosynthesis in Nicotiana species requires an oxidative deamination of N-methylputrescine, catalyzed by N-methylputrescine oxidase (MPO). In a screen for tobacco genes that were down-regulated in a tobacco mutant with altered regulation of nicotine biosynthesis, we identified two homologous MPO cDNAs which encode diamine oxidases of a particular subclass. Tobacco MPO genes were expressed specifically in the root, and up-regulated by jasmonate treatment. Recombinant MPO protein expressed in Escherichia coli formed a homodimer and deaminated N-methylputrescine more efficiently than symmetrical diamines. These results indicate that MPO evolved from general diamine oxidases to function effectively in nicotine biosynthesis.
Putrescine-derived alkaloids, such as nicotine and tropane alkaloids, are prevalent in the Solanaceae (Leete 1980) . In the biosynthetic pathways of these alkaloids, putrescine is first N-methylated by putrescine N-methyltransferase (PMT; Hibi et al. 1994) . The product N-methylputrescine is then deaminated oxidatively to 4-methylaminobutanal, which spontaneously cyclizes to give the N-methylpyrrolinium cation. This oxidative deamination reaction is catalyzed by N-methylputrescine oxidase (MPO; Fig. 1 ). The N-methyl-Á 1 -pyrrolinium cation condenses with an unidentified nicotinic acid-derived metabolite to give nicotine in tobacco (Mizusaki et al. 1968) , whereas it is converted to the bicyclic tropane skeleton in the biosynthetic pathways of hyoscyamine and scopolamine (Leete 1979) .
MPO enzymes have been partially purified from the roots of Nicotiana tabacum, Nicotiana rustica, Hyoscyamus niger and Brugmansia candida Â aurea hybrid, and were shown to oxidize N-methylputrescine more efficiently than symmetrical diamines, such as putrescine and cadaverine (Mizusaki et al. 1972 , Hashimoto et al. 1990 , Walton and McLauchlan 1990 , Haslam and Young 1992 , Boswell et al. 1999 . Inhibitor studies suggested that MPO contains copper and topaquinone, as found for typical diamine oxidases (EC 1.4.3.6) (Davies et al. 1989) . Roots of tobacco nic mutants, which are defective in regulation of nicotine biosynthesis, contained somewhat lower MPO activities than wild-type tobacco roots, indicating that the NIC regulatory loci might regulate expression of the MPO gene, although the NIC regulation of MPO activity was not as clear as the tight regulation found for PMT activity (Saunders and Bush 1979) . Immunological studies using a putative MPO antiserum suggested that MPO is associated with S-adenosylhomocysteine hydrolase as part of a larger multienzyme complex (Heim and Jelesko 2004) , but direct biochemical evidence is lacking. To identify novel structural genes involved in nicotine biosynthesis, we constructed cDNA microarrays that contained 6,513 non-redundant cDNA fragments from Nicotiana sylvestris (Katoh et al. 2003) and hybridized the arrays with two fluorescent cDNA probes prepared from the roots of wild-type tobacco and the nic1nic2 double mutant. Statistical analyses of the hybridization results indicated that 11 genes were potentially down-regulated in the mutant root. Subsequent analysis with reverse transcription-PCR (RT-PCR) confirmed the Nic-dependent gene regulation for six of them, which included three known genes encoding enzymes of nicotine biosynthesis (aspartate oxidase, quinolinate phosphoribosyltransferase and A622 oxidoreductase; Hibi et al. 1994 , Katoh et al. 2006 ) and two novel genes, one of which was MPO1. In the process of obtaining a full-length cDNA clone of tobacco MPO1, we recovered another cDNA of a related tobacco gene, MPO2.
MPO1 and MPO2 share 88% identity and 96% homology to each other in their amino acid sequences ( Fig. 2A) . MPO1 has 25% identity and 43% homology to the Pisum sativum amine oxidase (PSAO; Tipping and McPherson 1995) and 27% identity and 43% homology to the Arabidopsis thaliana amine oxidase (ATAO1, At4g14940; Møller and McPherson 1998 Fig. 1 N-methylputrescine oxidase (MPO) oxidatively deaminates the primary amino group of N-methylputrescine, the reaction product of putrescine N-methyltransferase (PMT). During the MPO reaction, molecular oxygen and water are consumed, and ammonia and hydrogen peroxide are produced. The aldehyde product, 4-methylaminobutanal, is non-enzymatically converted to N-methyl-Á 1 -pyrrolinium cation, which serves as a precursor of nicotine and tropane alkaloids. MPO2, as well as other diamine oxidases, contained three conserved histidine residues that coordinate a copper ion, and an active site tyrosine residue that is posttranslationally modified to a redox cofactor, topaquinone (Kumar et al. 1996) . A phylogenetic tree ( Fig. 2B) showed that MPO1, MPO2 and an uncharacterized Arabidopsis protein At2g42490 form a distinct clade, and are separated from PSAO, ATAO1 and the other Arabidopsis diamine oxidase-like proteins at the base of the tree. PSAO and ATAO1 both contain predicted signal peptides at their N-termini, and are thought to be extracellular copper amine oxidases (Slocum and Furey 1991 , Tipping and McPherson 1995 , Møller and McPherson 1998 , whereas MPO1, MPO2 and At2g42490 lack such predicted signal peptides. We fused MPO1 to the C-terminus of glutathione S-transferase (GST), expressed the fusion in Escherichia coli, and purified it to near homogeneity. GST-MPO2 was not expressed in E. coli in sufficient amounts. The enzyme activity of purified GST-MPO1 was determined by measuring ammonia produced during the oxidative deamination of amine substrates. Recombinant GST-MPO1 was most active toward N-methyputrescine (K m 36 mM) among various amine substrates tested (Table 1 ). The reaction product was confirmed to be 4-methylaminobutanal by gas chromatography-mass spectrometry (GC-MS) analysis. Symmetrical diamines (putrescine and cadaverine) and a monoamine (n-butylamine) showed much higher K m values of 247, 362 and 249 mM. When 1,3-diaminopropane and N-methyl-1,3-diaminopropane were tested, GST-MPO1 showed a preference for the N-methylated diamine, with respective K m values of 158 and 96 mM. The V max /K m value indicative of substrate specificity was highest for N-methylputrescine, followed by N-methyl-1,3-diaminopropane; non-N-methylated amines showed low V max /K m values. Phenylhydrazine is an effective irreversible inhibitor of plant diamine oxidases that interacts with topaquinone (Longu et al. 2005) . Enzyme activity of GST-MPO1 was inhibited by 95.2 and 100% by phenylhydrazine at concentrations of 1 and 10 mM, respectively.
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We next removed the GST portion from GST-MPO1, and analyzed the molecular weight of MPO1. SDS-PAGE showed that the molecular weight of denatured MPO1 was 83.7 AE 11.2 kDa (mean AE SD), which agrees reasonably well with the predicted molecular weight of 89.0 kDa. Gel electrophoresis showed that native MPO1 had a molecular weight of 172 AE 9.6 kDa, indicating that the native MPO1 is a dimer, as reported for diamine oxidases (Kumar et al. 1996) . These structural and biochemical studies confirmed that MPO is a diamine oxidase. Whereas typical diamine oxidases oxidize symmetrical diamines much more efficiently than N-methylated diamines (Frydman et al. 1987) , the substrate-binding region of MPO may have changed so that it now preferentially accommodates N-methylated diamines (Hashimoto et al. 1990 ).
RNA gel blot analyses using a probe that hybridized both MPO cDNAs were done to study expression patterns of MPO1 and MPO2. MPO transcripts of approximately 2.5 kb were found in the tobacco root, but not in young leaf, mature leaf, stem, flower bud and silique (Fig. 3A) . Transcript levels of MPO in the root were most abundant in the wild type, and decreased in the following order: nic2, nic1 and nic1nic2 (Fig. 3B) . Treatment of the tobacco leaf 
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Tobacco N-methylputrescine oxidase with methyljasmonate vapor increased the MPO levels in the root of all four genotypes, but not in the leaf. These expression patterns of MPO were highly similar to those of PMT. Temporally and spatially coordinated expression of MPO and other structural genes of nicotine biosynthesis would facilitate efficient formation of nicotine, which accumulates at a very high level in tobacco leaves. While this manuscript was in preparation, Heim et al. (2007) reported a homology-based cloning of a tobacco MPO cDNA. Cloning of MPO cDNAs adds another molecular tool to engineer biosynthesis of N-methylputrescine-derived alkaloids in tobacco and other plants.
Materials and Methods
Non-redundant cDNA clones in N. sylvestris cDNA libraries (Katoh et al. 2003) were amplified by PCR, and spotted onto mirror-coated slides (Type 7 Star, Amersham, London, UK) using a Lucidea array spotter (Amersham). DNA was immobilized on the slide surface by UV cross-linking (120 mJ m
À2
). Nicotiana tabacum Burley 21 plantlets (wild type and nic1nic2) were grown on half-strength B5 medium supplemented with 1.5% (w/v) sucrose and 0.35% (w/v) gellan gum (Wako, Osaka, Japan) in Agripot containers (Kirin, Tokyo, Japan). Total RNA was isolated from the roots of 8-week-old tobacco plantlets using a Plant RNeasy Mini kit (Qiagen, Hilden, Germany), from which mRNA was purified using a GenElute mRNA Miniprep kit (Sigma, St. Louis, USA). cDNA was synthesized from 0.4 mg of the purified mRNA using a LabelStar Array Kit (Qiagen) in the presence of Cy3-or Cy5-dCTP (Amersham). cDNA hybridization to the microarray slides and post-hybridization washes were performed using a Lucida Pro hybrid-machine (Amersham). Microarrays were scanned using an FLA-8000 scanner (Fujifilm, Tokyo, Japan), and acquired array images were quantified for signal intensity with ArrayGauge software (Fujifilm). cDNA probes from wild-type and nic1nic2 roots were labeled with Cy3 and Cy5 in reciprocal pair-wise combinations. Hybridization signals were normalized by accounting for the total signal intensity of dyes. Six hybridization experiments were done and the results were analyzed statistically. cDNA clones which hybridized to wildtype probes more than twice as strongly as nic1nic2 probes were identified. Full-length MPO1 cDNA was obtained by 5 0 -and 3 0 -RACE (rapid amplification of cDNA ends) from total RNA of N. tabacum using a SMART RACE cDNA Amplification Kit (Clontech, Mountain View, USA). During this cloning procedure, another cDNA clone from N. tabacum that was highly homologous to the MPO1 nucleotide sequence was found, and its full-length cDNA, designated as MPO2, was obtained as described above. The open reading frame of MPO1 was amplified by PCR, cloned into a pGEM-T Easy vector (Promega, Madison, USA), excised as the EcoRV-NotI fragment and cloned into pGEX-6P (GE Healthcare, Uppsala, Sweden). The resultant plasmid pGEX-MPO1 was introduced into the E. coli strain Rosetta (DE3) (Novagen, San Diego, USA). After the recombinant bacteria were cultured in an LB medium containing 50 mg ml À1 carbenicillin at 378C until the OD 600 of the culture reached 0.4, isopropyl-b-D thiogalactopyranoside (IPTG) and CuSO 4 were added to the culture to final concentrations of 0.1 and 4 mM, respectively. After incubation at 168C for 16 h, bacteria were harvested by centrifugation, suspended in a phosphate-buffered saline (PBS) buffer containing 10 mM dithiothreitol (DTT) and 1 mg ml À1 lysozyme, incubated at 48C for 2 h, and then sonicated for 3 min. After centrifugation of the homogenate, the recombinant GST-MPO1 fusion protein in the supernatant was purified by GSTrap HP (GE Healthcare) according to the manufacturer's protocol.
To measure the amine oxidase activity, ammonia produced was measured enzymatically using glutamate dehydrogenase from beef liver (Oriental Yeast Co., Tokyo, Japan) by monitoring the decrease in NADH at 339 nm (Hashimoto et al. 1990 ). Enzyme activities were calculated using Kaleida Graph data analysis software (HULINKS, Tokyo, Japan). The reaction product of GST-MPO1 when N-methylputrescine was used as a substrate was identified as 4-methylaminobutanal by GC-MS (EI mode, 70 eV), and had MS m/z values (relative intensity) of 102 (3), 90 (6), 70 (7), 59 (8) and 44 (100).
To determine the subunit organization, the GST purification tag in the fusion protein was removed by treatment with PreScission protease (GE Healthcare) to produce the MPO1 protein. The molecular weight of the native MPO1 protein was determined by passage through a calibrated TSK-GEL gel filtration column (TOSOH, Tokyo, Japan) using the PBS buffer. The subunit size was determined by measuring the molecular weight of the denatured MPO1 protein by SDS-PAGE.
RNA was extracted from tobacco cv. Burley 21 plants. Methyljasmonate was applied to 2-month-old tobacco plantlets grown in a tightly sealed Agripot container (Kirin, Tokyo) as described previously (Shoji et al. 2000) . A small cotton ball soaked with 0.5 ml of a 100 mM methyljasmonate solution was placed beside the tobacco plantlets. RNA blotting was done as described (Shoji et al. 2000) . A 413 bp MPO1 cDNA fragment starting from the initiation ATG was amplified by PCR and used as a hybridization probe. Because MPO1 and MPO2 have very similar nucleotide sequences, the MPO1 probe used probably detected transcripts of both MPO1 and MPO2. When a probe was prepared from MPO2 and used similarly, the hybridization patterns were similar to those obtained with the MPO1 probe (results not shown). A 1.5 kb PMT probe was prepared from a tobacco PMT sequence cloned in pcDNAII (Hibi et al. 1994) .
